Abstract: This work proposes a cost-effective, continuously tunable and filterless optical millimeter-wave (MMW) signal generation employing frequency octupling. Optical MMW signals with 30-dB undesired sideband suppression ratios can be obtained. Since no optical filtering is required, the proposed system can be readily implemented in wavelength-divisionmultiplexing (WDM) systems. V-band 60-GHz and W-band 80-GHz optical MMW signals are experimentally demonstrated. Because of the high undesired sideband suppression ratio, 60-GHz waveform with 50% duty cycle is observed. The single-sideband (SSB) phase noise of the generated 60-GHz signal is −73 dBc/Hz at 10 kHz. The proposed system is a viable solution for the future ultra-high frequency MMW applications up to 320 GHz using the external modulator with a limited bandwidth of 40 GHz.
Introduction
Millimeter-wave (MMW) signals have been widely used in numerous high frequency applications, such as broadband wireless communication [1] , phase array antenna [2] , MMW imaging [3] , and radar. With the increasing of intended MMW frequency, MMW signal generations with frequency beyond 60 GHz are essential for various applications.
Although some CMOS technology can generate MMW signal beyond 60 GHz, the attenuation of MMW signal in copper wires is extremely high, which restricts the signal transmission distance. To transmit MMW signals over a long distance, optical MMW signal based on low transmission loss optical fiber network is a cost-effective and viable solution. Recently, several optical MMW signal generation systems have been proposed [4] [5] [6] [7] [8] . Among these systems, optical MMW signal generations using LiNbO 3 Mach-Zehnder modulator (MZM) are the most reliable approaches. Optical MMW signal generations based on singlesideband (SSB), double side-band (DSB) and double-sideband with carrier suppression (DSB-CS) have been widely investigated and demonstrated. Nevertheless, the generated optical MMW frequencies are still restricted by the bandwidth of LiNbO 3 modulators, which is typically less than 40 GHz. Moreover, radio-frequency (RF) components with frequency response over 26 GHz are considerably more expensive than those below 26 GHz. In order to achieve optical MMW generation with frequency beyond 60 GHz cost-effectively, optical MMW signal generations with frequency multiplication are highly desirable [4] [5] [6] . However, in most proposed systems, narrowband optical filters are usually required to remove undesired optical sidebands. This drawback will not only increase the system complexity, it also will hinder the implementation in wavelength-division-multiplexing (WDM) Radio-over-Fiber (RoF) systems.
Recently, a filterless optical MMW generation technique with frequency quadrupling has been demonstrated [9] . The undesired sideband suppression ratio of the generated optical MMW signal is higher than 30 dB. Since no optical filter is required, the proposed system can be utilized in WDM up-converted systems [9] . In order to support even higher frequency MMW applications, a filterless optical MMW signal generation with frequency octupling is proposed in this report. Two cascaded frequency quadrupling systems are key to the octupling system. V-band 60-GHz and W-band 80-GHz MMW signals are experimentally demonstrated in this work. Generated from 7.5 and 10-GHz sinusoid driving signals, the undesired sideband suppression ratios of 60 and 80-GHz optical MMW signals are higher than 30 dB. Since no narrow band optical filter is required, the proposed system can also be readily used in WDM systems. Optical MMW signals with frequencies up to 320-GHz can be achieved by the proposed octupling system if two commercially available 40-GHz dual-parallel MZMs (DP-MZM) are employed. This paper is organized as follows. Section 2 describes the concept, theoretical analysis and experimental setup of the frequency octupling system. Section 3 discusses the single sideband (SSB) phase noise of the 60-GHz MMW signal and undesired sideband suppression ratio degradations due to bias drifts. Finally, section 4 reviews the main conclusion of the paper. Figure 1 shows the experimental setup of the optical MMW generation with frequency octupling using two cascaded DP-MZMs. Assume that the optical field at the input of the first DP-MZM is defined as ( )
Concept and experimental setup
, where E o is the amplitude of the optical field and ω o is the angular frequency of the optical carrier. The DP-MZM is composed of three MZMs; two sub-MZMs are embedded in each arm of the main MZM. Both of the sub-MZMs (MZ1-a and MZ1-b) are biased at the full point while the main MZM of the first DP-MZM is biased at the null point and introduces a 180 deg difference between the output of the two sub-MZMs. A 90 deg phase delay is introduced between the RF driving signals of MZ1-a and MZ1-b. Therefore, the electrical RF driving signal sent into MZ1-a and MZ1-b can be expressed as , respectively, where V m1 denotes the amplitude of the RF driving signal of the first dual-parallel MZM and ω RF denotes the angular frequency of the RF driving signal. Therefore, the optical field at the output of the first DP-MZM can be expressed as:
where the phase modulation index m 1 is
and J 4n-2 is the Bessel function of the first kind with order 4n-2. Only optical sidebands with the order of 4n-2 will be obtained. Due to the properties of Bessel function, without causing significant errors, it is reasonable to ignore order higher than second order. Therefore, the optical field at the output of the first DP-MZM can be further simplified as
(2) Notably, optical frequency quadrupling is obtained after first DP-MZM. The generated optical MMW signal from the first DP-MZM is then send into the second DP-MZM. Both of the sub-MZMs (MZ2-a and MZ2-b) are biased at the full point while the main MZM is biased at the null point. Note that a 45 deg phase delay is introduced between the driving signals of the first and second DP-MZMs. Therefore, the electrical RF driving signal sent into MZ2-a and MZ2-b can be expressed as 
where the phase modulation index m 2 is
. Ignore the high order terms; E out-2 can be simplified as
Only the fourth order optical sidebands are obtained at the output of the second DP-MZM. Notably, no optical filter is required to remove undesired optical sidebands. After square-law detection using a photo diode, the electrical signal with frequency eight times that of the RF driving signal is obtained. Optical spectra of (a) the 30-GHz MMW signal generated from the first stage of the frequency octupling system; (b) the generated 60-GHz MMW signal from the frequency octupling system. 
Results and discussion
Following the setup shown in Fig. 1 , a continuous-wave (CW) laser with 4-dBm optical power is used as the optical source. To generate 60-GHz MMW signal, a 7.5-GHz sinusoid driving signal is utilized. The modulation indices of both DP-MZMs are about 1.6*(V π /2). As shown in Fig. 3(a) , a 30-GHz optical MMW signal with 29-dB undesired sideband suppression ratio and −6.8-dBm optical power is obtained after the first DP-MZM. The generated optical MMW signal is sent into the second DP-MZM. At the output of the second DP-MZM, a 60-GHz optical MMW signal with 30-dB undesired sideband suppression ratio and −19-dBm optical power is obtained. The optical spectrum is shown in Fig. 3 (b) . After the frequency octupling system, an EDFA is utilized to boost the optical power. Because of the slight different V π of the PD-MZMs, tunable attenuators are employed after the first electrical splitter to control the driving power of two DP-MZMs. The 45 deg phase difference between the driving signal of the first and second DP-MZM is a key factor which affects the suppression of the original optical carrier. The optical carrier suppression ratio of the original carrier will degrade if the phase difference is not equal to 45 deg. Figure 4(a) shows the degradation of the optical carrier suppression ratio due to imperfect phase delay between two DP-MZM driving signals with varying phase delay from 30 ) shows the waveform of the generated 60-GHz MMW signal using a V-band photo-diode at back-to-back (BTB) and after transmission of 25-km standard single mode fiber (SSMF), respectively. Because of the high undesired sideband suppression ratio, a 60-GHz MMW signal with a 50% duty cycle is observed. Moreover, no significant signal distortion is observed after fiber transmission. SSB phase noise of the generated 60-GHz MMW is also analyzed using an electrical spectrum analyzer (Agilent E4440A) with a waveguide harmonic mixer (Agilent 11970V). Figure 6 shows the measurement results of the generated 60-GHz MMW signal. The SSB phase noise is about −73 dBc/Hz at 10 kHz, where that of the driving 7.5-GHz signal is about −91 dBc/Hz at 10 kHz. W-band optical MMW signal generation is also experimentally demonstrated. The electrical spectrum of the generated 60-GHz MMW signal is shown in Fig.  7 .
To demonstrate W-band MMW signal generation, 80-GHz MMW signal is generated using 10-GHz driving signal. Figure 8 shows the optical spectrum of the generated 80-GHz optical MMW signal. The undesired sideband suppression ratio of the 80-GHz optical MMW signal is about 30-dB.
To evaluate the performance of the proposed system, undesired sideband suppression ratio degradation with DP-MZM bias drifts are also investigated. Figure 9 depicts the undesired sideband suppression ratio degradations with bias drifts of the first-stage DP-MZM. The undesired sideband suppression ratios degrade from 30 dB to 3 dB with 25% bias voltage deviation ratio. The bias voltage deviation ratio is defined as (∆V/V π ) × 100%, where ∆V is bias voltage deviation and V π is the half-wave voltage of the sub-MZs. Optical spectra with Fig. 9 . Undesired sideband suppression ratio versus first DP-MZM bias deviation ratio, and optical spectra. the optimal and 25% bias drift conditions are shown in insets of Fig. 9 . The undesired sideband suppression ratio degradations and optical spectra with second-stage DP-MZM bias drifts are also shown in Fig. 10 . 30-dB degradation is observed with 25% bias voltage deviation ratio. Figure 11 shows the undesired sideband suppression ratio degradation with all the DP-MZM bias drafts. About 30 dB undesired sideband suppression ratio degradation is observed with 25% bias voltage deviation ratio. The undesired sideband suppression ratio will be higher than 15 dB, which is sufficient for most MMW application when the bias voltage deviation ratios are controlled within ± 5% using bias feedback control circuits [10, 11] .
Conclusions
This work demonstrates a filterless optical MMW signal generation with frequency octupling for high frequency MMW applications. Two commercially available DP-MZMs are keys to the proposed system. V-band 60-GHz and W-band 80-GHz optical MMW signal are experimentally generated from 7.5-and 10-GHz driving signals with 30-dB undesired sideband suppression ratios. Time domain waveform with a 50% duty cycle is observed. After transmission of 25-km SSMF, no significant signal distortion is observed. The SSB phase noise of the 60-GHz MMW signal is about −73-dBc/Hz at 10-kHz. The undesired sideband suppression ratio is higher than 15 dB when the bias deviation ratios are less than ± 5% of the half-wave voltages. Optical MMW signal with frequency up to 320-GHz can be generated using the state-of-the-art 40-GHz DP-MZMs. The proposed frequency octupling optical MMW generation is a potential solution for the future ultra-high frequency MMW applications.
